Histidinol dehydrogenase from three differing revertants of ICR-191A-induced frameshift hisD3018 has been purified and examined for amino acid replacements. The enzyme from one spontaneously arising revertant, R7, contains an extra proline residue, whereas that from another, R5, contains an extensive frameshifted sequence, four amino acid residues of which have been identified to date. The amino acid replacement data are in agreement with the in vitro code word assignments and allow the characterization of the hisD3018 frameshift as an addition of one nucleotide pair, most likely guanine plus cytosine. Enzymatic data for those In most cases the suppressor site has been local-
Histidinol dehydrogenase from three differing revertants of ICR-191A-induced frameshift hisD3018 has been purified and examined for amino acid replacements. The enzyme from one spontaneously arising revertant, R7, contains an extra proline residue, whereas that from another, R5, contains an extensive frameshifted sequence, four amino acid residues of which have been identified to date. The amino acid replacement data are in agreement with the in vitro code word assignments and allow the characterization of the hisD3018 frameshift as an addition of one nucleotide pair, most likely guanine plus cytosine. Enzymatic data for those ICR-191A-induced revertants of hisD3018 arising within the hisD gene indicate that the enzyme is wild type and, therefore, that ICR-191A can cause deletions as well as additions of single base pairs. The wild-type amino acid sequence is restored in enzyme from an N-methyl-N'-nitro-N-nitrosoguanidine (NG)-induced revertant, R29, suggesting that NG is a base-deleting as well as a base-substituting mutagen. The unusual response of hisD3018 to external suppressors is considered in terms of reinitiation of protein synthesis out of phase, coupled with suppression of a nonpermissive missense codon so generated, and of an alternative hypothesis invoking a true frameshift suppressor transfer ribonucleic acid with an extended or deleted anticodon.
Frameshift mutations were postulated by Crick et al., on the basis of purely genetic experiments with acridine-induced mutants in the phage T4 rII system (6) . It was suggested that the genetic code is a commaless triplet type which is shifted out of phase by addition or deletion of a number of nucleotide pairs not a multiple of three. The proposed nature of frameshift mutations was confirmed by Terzaghi et al. through analysis of amino acid replacements in lysozyme of T4 strains carrying acridine-induced compensating frameshifts in the gene encoding this protein (22) . Examples of double mutants of E. coli carrying frameshifted sequences of amino acids in the tryptophan-synthetase A protein have been reported by Berger et al. (1) (2) (3) . As discussed in the accompanying paper (26) , frameshift mutant hisD3018 of Salmonella typhimurium is unusual in two ways. First, the mutant is one of a set of recently isolated ICR-191A, or ICR-364-OH-induced frameshifts in the his operon which is revertable not only spontaneously and by ICR, but also by the mutagens N-methyl-N'-nitro-N-nitrosoguanidine (NG) and diethyl sulfate (DES) which have heretofore been observed to be effective in reverting only mutations arising by base substitution (2, 24) . N (19) .
NATURE OF FRAMESHIFT MUTATION ized in altered tRNA molecules (5, 8, 9, 11) . The nature of frameshift mutations, involving addition or deletion of one or more base pairs, would appear to dictate against external suppressibility by such mechanisms. As mentioned in the accompanying paper (26) , B. N. Ames has suggested a model to account for the recently reported external suppression of the trpA91 frameshift mutation of S. typhimurium (19) . This model assumes reinitiation of protein synthesis in a phase compensatory to the frameshift mutation and suppression of a UGA codon so generated. We shall discuss our results in terms of this model, modifying the suppressible site to a nonpermissible missense codon. We shall also consider an alternate model invoking suppression by a tRNA with an extended or deleted anticodon returning translation of the genetic message to correct phase.
MATERIALS AND METHODS
Histidinol dehydrogenase assay, purification and crystallization of enzyme from hisO1242 and revertants carrying the hisO1242 mutation, and polyacrylamide gel electrophoresis were performed as previously described (27) .
Amino acid analyses. Amino acid analyses were performed as previously described with samples hydrolyzed for 22 hr unless otherwise specified, in 6 N HCl at 110 C (25).
Reduction and carboxynethylation of crystalline enzyme. Enzyme was freed of salt by dialysis against water, reduced and dissociated in 0.143 M jB-mercaptoethanol and 6 M guanidine hydrochloride, and carboxymethylated with 0.5 M iodoacetic acid as previously described (25) . Amino acid analysis was routinely preformed on untreated and reduced carboxymethylated protein to check the purity of the preparation and the extent of carboxymethylation.
Tryptic and chymotryptic digestion of reduced carboxymethylated enzyme. Tryptic digestions of enzyme were performed as previously described (25 (18) , except that the extraction was performed after each step. The peptide was then hydrolyzed for 22 hr and analyzed as described above. Carboxypeptidase digestion of peptides in 0.1 N ammonium bicarbonate, pH 8.0 was performed with diisopropylfluorophosphate (DFP)-treated, dialyzed enzyme prepared as previously described (25) . DFPleucine-aminopeptidase digestion of peptides in 0.1 M sodium barbital buffer (15) was performed with enzyme (Worthington Biochemical Corp., Freehold, N.J.) prepared in the same way in the barbital buffer. All digestions of peptides were carried out for 16 hr at 37 C on a rotary shaker with an enzyme to substrate ratio of 1 mg to 2 1moles of peptide.
RESULTS
Polyacrylamide gel electrophoresis of crystalline revertant enzyme. The crystallized histidinol dehydrogenase of one spontaneous revertant, YOURNO AND HEATH R7, and one NG-induced revertant, R29, was indistinguishable electrophoretically at pH 9.5 from the wild-type enzyme. R29 is also indistinguishable from the wild type in specific activity, but R7 is only about 60% as active (26) . Crystalline enzyme from another spontaneous revertant possessing about 50% of the wildtype specific activity, R5, is electrophoretically slower under the same conditions ( Fig. la and  ib) .
Amino acid composition of crystalline revertant enzymes. Samples of approximately 1 mg of salt-free denatured enzyme and reduced carboxymethylated enzyme were hydrolyzed for 24 hr in 6 N HCI, and the amino acid composition was determined. No obvious differences from the wild-type were detectable with R7 and R29 preparations. Examination of the R5 hydrolysates, however, revealed the presence of approximately one extra tyrosine and one to two additional lysine residues and the loss of two to three threonine residues ( taken together for R7 and R5 T26A peptides indicate that the hisD3018 frameshift affects the N-terminal portion of this peptide and that T26A of R5 has undergone an extensive frameshift involving at least the first four N-terminal residues. That this frameshift extends into a peptide N-adjacent to T26A is indicated by the presence of at least one additional altered ninhydrin-positive spot on the peptide map of this revertant enzyme (Fig. 2) . We are presently attempting to define the N-terminal portion of the frameshift in R5 by analysis of this peptide and its wild-type analogue. By a similar peptidemapping procedure it was shown that T26A of the NG-induced revertant, R29, was present at the normal position. As with the wild type, direct and unequivocal amino acid analysis of T26A from the peptide maps was precluded by the presence of T26B, but the total composition of the mixture was indistinguishable from that of the wild type. The tryptic residue insoluble at pH 3.1 of each of the aforementioned revertants was analyzed for amino acid composition and for peptide map characteristics of chymotryptic digests, in this case with electrophoresis at pH 3.5. In both respects the insoluble residue of each revertant was similar to that of the wild type (25 (Table 2) . DFP-carboxypeptidase B digestion established that arginine is in the expected C-terminal position in all peptides. DFP-leucineaminopeptidase released 0.74 equivalent of valine from the wild-type peptide, indicating that this residue is N-terminal and that further digestion is prevented by a proline residue in third position from the N-terminus. Sequential Edman degradation established the following pertinent sequences for T26A: wild type, Val-Thr-ProGlu-Glu-Illeu-(Gly, Ala4)-Arg; R7, Val-Thr-ProPro-Glu-Glu-Ileu-(Gly, Ala4)-Arg; R5, Tyr-AlaSer-Pro-Pro-Glu-Glu-lleu-(Gly, Ala4)-Arg; R29, as wild type. To establish by leucine-aminopeptidase digestion whether the glutamic acid of acid hydrolysates originated as such or as glutamine, it was necessary to circumvent the proline residues in the peptides. The appropriate number of steps of the Edman degradation was therefore performed with each peptide to remove, at least partially, the proline residues and the truncated peptide was digested with DFP-leucine-aminopeptidase. In each case 2 equivalents of glutamic acid were released per peptide and no evidence for glutamine was found ( Table 2 ). As predicted from peptide map analysis, T26A of R7 contains an extra proline residue, here found to be in tandem with the original proline residue. The extensive frameshifted block of four residues including the extra tandem proline is as expected in the N-terminal portion of T26A from R5. The wild-type sequence is restored in T26A of R29, indicating that the primary frameshift site of hisD3018 has been reverted to wild-type by NG. DISCUSSION The analysis of frameshifted amino acid sequences in tryptic peptides from hisD3018 R7 and R5 histidinol dehydrogenase allows the characterization of the hisD3018 mutation as a true frameshift of the +1 type by use of the in vitro code word assignments of Nirenberg and Leder (16), Nirenberg et al. (17) , and Khorana et al. (13) . Since the R7 peptide contains tandem proline residues instead of the single wild-type proline, it can be concluded that the hisD gene of this revertant contains an extra proline triplet, CC.. This suggests that the primary hisD3018 frameshift arose by addition of 1 or 2 nucleotide pairs in the triplet of hisD DNA encoding the original proline residue CC., or the latter two-thirds of the N-adjacent threonine triplet, AC., and that a further addition resulted in the creation of the extra proline triplet in R7. The amino acid sequence changes found in the N-terminal portion of the R5 frameshift peptide unambiguously establish the hisD3018 frameshift as a +1 type, since these changes fit the in vitro code word assignments only under this condition. We are as yet uncertain of the nature of the secondary frameshift in R5, but the net effect of this mutation is to create a -1-like frameshift to compensate for the hisD3018 addition.
The replacements in R5 also show that the N-adjacent codons for threonine (AC-) must be ACC and for valine (GU.) GUC N-adjacent to T26A in the wild type contains C-terminal arginine (CGC codon), and that this residue is preceded (.UA codon) most likely by leucine, or by isoleucine or valine. The observed sequence changes in the revertant enzymes can be most easily accounted for by the assumption that the +1 addition of hisD3018 is a GC pair, since the probability on strictly formal grounds with the in vitro codon assignments is 4:6 for the presence of an extra C in the frameshifting segment of the product messenger RNA. For simplicity we have assumed that the extra proline triplet of R7 arises by addition of 2C in mRNA but this may also be *C or C- (Fig. 3) . Streisinger A, adenine; U, uracil; G, guanine; C, cytosine; ., any of the four bases.
above, it has been generally observed that this compound is effective in reverting base-substitution mutations but not frameshifts (2, 24) . Eisenstark et al. (7), on the other hand, have presented genetic evidence that some NG-induced mutations of S. typhimurium can be interpreted as deletions. N. Oeschger (Ph.D. Thesis, The Johns Hopkins University, Baltimore, Md., 1967) has isolated 80 ICR-induced frameshifts in the his operon of S. typhimurium, of which approximately 50%, namely 37, are revertable by NG and DES as well as by ICR. It was proposed that ICR can elicit both addition and deletion frameshifts, that NG and DES are capable of causing point deletions of GC pairs with low efficiency by depurination of guanine residues, and that the set of frameshifts revertable by NG and DES is composed of + 1 GC pair types. As to why NG and DES have not heretofore been observed to revert frameshift mutations, it was further proposed that most previously studied frameshifts in bacteria, arising spontaneously or by induction with radiation (2, 24) , are deletion types. It would therefore be more fortuitous with such mutations that these mutagens induce a functional revertant by further deletion of base pairs. Our results also indicate that NG can cause point deletions of nucleotide pairs. In light of the studies of Singer and FraenkelConrat suggesting that NG modifies selectively guanine bases in exposed TMV ribonucleic acid (21) , it may well be that the mutagen specifically deleted a GC pair from the frameshift region of hisD3018 DNA as the basis of the R29 reversion. The depurination of the extra guanidylate residue in hisD3018 DNA could conceivably produce a natural buckling point leading to the synthesis of a repaired or replicated complementary chain with the normal base sequence.
We have not investigated the amino acid sequence of ICR-191A-induced revertant enzymes, but since all such revertants we have isolated to date are, like those induced by NG, enzymatically indistinguishable from the wild type, we conclude that ICR-191A can delete the extra base pair of hisD3018 DNA and concur with Oeschger that ICR-191A is capable of both +1 and -1 frameshifts. This mutagen has been shown to affect more than one base pair as well in some instances (2; N. Oeschger, Ph.D. Thesis, The Johns Hopkins University, Baltimore, Md., 1967).
Since we have shown that hisD3018 is a true frameshift, it is of considerable interest that this mutant is nevertheless suppressible by external suppressors (26) . The model proposed by B. N. Ames to account for an analogous suppressor system of frameshift mutant trpA91 of S. typhimurium (19) stresses that a sequence of missense codons followed by a nonsense codon is created in the direction of reading beyond the point of the original frameshift. After reaching the nonsense codon, the ribosomes wander out of phase in both directions along the mRNA but become reoriented by an internal initiator triplet present in a compensatory phase somewhere before the original frameshift in the reading frame. Since the trpA91 suppressors appear to be UGA suppressors, it was postulated that a suppressible UGA codon is generated among a sequence of missense codons in the phase of the reinitiation. Thus external suppression would be necessary for expression of the compensating reinitiation process. The suppressors of hisD3018 are much more specific than nonsense suppressors, restore active enzyme with relatively low efficiency, and have no effect on several hisD nonsense, missense, and frameshift mutations (in preparation). In the context of the reinitiation mechanism proposed by Ames, the hisD3018 suppressors are therefore more readily conceived of as relatively site-specific suppressors of a nonpermissible missense codon in the phase of reinitiation. A special case would be the eliciting of the reinitiation itself by suppressor misreading of a noninitiating triplet, for instance ACG in the -1 phase as AUG. As discussed for the trpA91 suppressor system (19) , a corollary of the reinitiation-external suppression hypothesis is that the nonpermissible codon in the -1 phase could revert to a permissible codon by a single base substitution, for instance ACG to AUG, thereby obviating the requirement for external suppression. It is also conceivable for hisD3018 that reinitiation occurs in phase after the frameshiftgenerated nonsense codon, as has been suggested in several instances to occur in the E. coli p-galactosidase system (10, 23 (27) . The reading of mRNA at or close to the frameshifting site once by a tRNA molecule with an anticodon of four bases or twice by a tRNA with a doublet anticodon would have the same effect as a compensating -1 frameshift such as that of R5, thus producing an intact polypeptide chain with a frameshifted segment of amino acid residues. As to the nature of the tRNA species involved, one interesting possibility is that of a proline suppressor tRNA acting at the primary site of mutation in hisD3018 mRNA to restore a Thr-Pro-Glu or Thr-Pro-Pro-Glu sequence. The first alternative (CCC. codon, *GGG anticodon) would lead to synthesis of wild type, the second (CC + CC codons, GG anticodon) R7 enzyme. The enzyme produced by suppression is electrophoretically similar to both these types (26) , a property at least consistent with this alternative.
Other modes of suppression are of course also possible. Whatever the mechanism, the great rarity of externally suppressible frameshifts must reflect the need for highly improbable or unprecedented conditions.
We are presently attempting to elucidate the mechanism of the external suppression of hisD-3018 by analysis of the primary structure of suppressor-elaborated histidinol dehydrogenase. Although the efficiency of suppression is low, the enzyme is reasonably stable and the introduction of an operator-constitutive mutation into such strains should facilitate isolation of small amounts of pure material. We are also screening a large number of internally suppressed hisD3018 isolates to find an analogue of the externally suppressed strains, probably producing much more workable quantities of enzyme. The reinitiation hypothesis predicts that such internal suppressors can arise by a single base change and that histidinol dehydrogenase from these is, like that produced by external suppression, composed of polypeptide fragnents with additional or different N-terminal and C-terminal residues, as in the case of ribonuclease-S (18) . Wild-type histidinol dehydrogenase of S. typhimurium appears to be a dimer of identical subunits of 40,000 daltons with an N-terminal serine and a C-terminal alanine residue (25) 
